Continuous pearl-necklace-shaped In 2 O 3 ceramic nanofibers with diameters around 30$100 nm have been fabricated by electrospinning combined with annealing process used indium nitrate and poly(vinylpyrrolidone) (PVP) as raw materials. The specific surface area of In 2 O 3 ceramic nanofibers comes up to 100 m 2 /g. The morphology and chemical structure of the as-prepared and calcined samples were analyzed by scanning electron microscopy (SEM), thermal gravimetric analysis (TGA), high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) techniques. The gas sensor fabricated by In 2 O 3 ceramic nanofibers sintered at 700 C has special gas sensing properties including high response and selectivity, fast response and recovery time to ethanol gas.
Introduction
One-dimentional (1D) semiconductor nanomaterials with intricate morphologies and multifunctionalities play the key roles in constructing nanodevices and nanocomposites. 1, 2) As an important n-type semiconductor, Indium oxide (In 2 O 3 ) with a band gap width of 3.55-3.75 eV has already aroused widely public concern not only for their fundamental scientific significance but also for their diverse technological applications. 3, 4) As In 2 O 3 materials exhibit novel size-and shape-dependent properties, many efforts have been devoted to controlling the morphologies or to developing novel structures to achieve enhanced properties during the preparation process. 5) One-dimensional necklace-like nanostructures have drawn great attention in recent years because of their distinctive geometries and special physical/chemical properties. 6) Many different methods have been reported to synthesize the necklace-like nanostructures and the unique morphology character would be formed under specific conditions, such as non-uniformity of one-dimentional growth of materials under high temperature and gas conditions 1) and templatebased pulsed electrodeposition or confinement growth in a relatively low-temperature solution environment. [7] [8] [9] Compared with these methods, electrospinning technique has received considerable attention because of its simplicity and versatility for fabrication of 1D nanostructures in recent years. [10] [11] [12] All attempts have proved that electrospinning process is a straightforward and fast method to construct 1D necklace nanostructures between the polymers and the particles. [13] [14] [15] [16] Pure and Pd, Pt or Ag-doped In 2 O 3 nanofibers were synthesized by electrospinning and their optical properties, gas sensing properties have also been studied. [17] [18] [19] [20] [21] [22] However, to the best of our knowledge, there has been no report on the synthesis of pearl-necklace-shaped In 2 O 3 ceramic nanofibers consisting of single crystal grain building blocks.
In the present work, the pearl-necklace-shaped In 2 O 3 ceramic nanofibers with diameters of around 30 nm have been fabricated by electrospinning process and the gas sensing properties were also characterized. In 2 O 3 ceramic nanofibers are composed of perfect In 2 O 3 single crystal grains which link together as in a series or chain. Each single crystal nanoparticle may be handled as a nanostructure unit. This research might be important for the improvement of the morphology construction of different materials by electrospinning process.
Experimental Section
All chemicals were analytical grade and were used without further purification. The main steps for preparing ceramic nanofibers are as follows:
Preparation of precursor nanofibers
In a typical experiment for preparation the electrospinning solution, In(NO 3 ) 3 Á4.5H 2 O (2.0 g) was added to a mixture of water (5.0 mL) and absolute ehtanol (3.0 mL) in a capped bottle under magnetic stirring. The solution was stirred for 0.5 h to generate a homogeneous solution (recorded as precursor A). PVP (2.0 g, Mr ¼ 1300000) were dissolved in 6 mL ethanol (recorded as precursor B). PVP was used as the polymeric component of the composite because of its good solubility in alcohol and water and its compatibility with nitrates. Then 3.5 mL precursor A was transferred to precursor B with a pipette and the mixed solution was further stirred for 20 min to form a homogeneous viscous solution. A schematic of the electrospinning apparatus is shown in Fig. 1 . The viscous solution was drawn into a stainless steel capillary with inner diameter of 0.45 mm and outer diameter of 0.50 mm. The positive terminal of a variable high-voltage power supply (BGG-200 kV/20 mA) was connected to the needle tip of the capillary while the other was connected to the collector plate. In this synthesis system, the sols were pressurized by own gravity and viscosity. During the electrospinning, the applied voltage was kept at 20 kV and the distance between spinneret and collector was optimized and around 20 cm. The temperature was maintained at 20 C. When the spinning was completed, the as-prepared nanofibers were dried at 80 C for 24 h. According to the TG result, the dry fibers were put into an air-atmosphere programmable tube furnace for heat treatment. The fibers were fired from room temperature to 500 C at a rate of 1 C/min and kept for 1 h and then fired to the desired temperature at 5 C/min with a hold time of 2 h. The products were spontaneously cooled to room temperature in the furnace to obtain the In 2 O 3 ceramic nanofibers. Then the calcined nanofibers were given characterization.
Characterization
The phase of In 2 O 3 nanofibers was recorded by X-ray diffraction analysis (XRD) using an X-ray diffractometer (Rigaku D/Max 2200PC) with a graphite monochromater and Cu-Ka radiation ( ¼ 0:15148 nm) in the range of 10$80 at room temperature while the voltage and electric current were held at 28 kV and 20 mA. Thermal gravimetric analysis (TGA) at an air flow rate of 20 mL min À1 with a heating rate of 20 C min À1 was employed to measure the weight loss of gel fibers using a thermal analyzer (TGA/ SDTA 851e Mettler). The morphology and microstructure of the fibers and their fragments were characterized via a scanning electron microscopy (SEM, Hitachi S-520, JXA-840) and a transmission electron microscope (TEM, JEM 100-CXII) with an accelerating voltage of 80 kV. IR spectra were measured from 400$4000 cm À1 using a Fourier Transform Infrared spectrophotometer (Nicolet, 5DXFTIR), where the fibers were ground into fine powders, diluted with KBr powders (the mass percent of KBr was 99%) and pressed into a pellet (the pressure applied was 15 MPa). The specific surface area of In 2 O 3 ceramic nanofibers was measured with an ASAP 2010 micromeritics apparatus at liquid nitrogen temperature (T ¼ À196 C). The ethanol gas-sensing properties were measured with a China HW-30A gas-sensitivity instrument. Figure 2A shows the FT-IR spectra of as-spun composite fibers and In 2 O 3 ceramic nanofibers sintered at 700 C for 2 h. The range of hydroxyl stretching vibration 4000-3000 cm
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is not considered because of the difficulty of removing the water residue completely. Aliphatic contributions are found around 2950-2800 cm À1 ( as CH 2 and s CH 2 ). A small absorption band at about 1539 cm À1 is assigned to the characteristic vibration of C=N (pyridine ring). 23) Two main peaks of PVP ( C=O and C-N, in Fig. 2A-a) , which locates at 1663 and 1290 cm À1 are detected. 24) The absorption band at about 962 cm À1 are due to the out-of-planerings C-H bending. 25 ) Figure 2A -b shows the FTIR spectra of In 2 O 3 nanofibers calcined at 700 C. Figure 2B is the enlarged figure of the zone marked by ellipse in Fig. 2A-b TG curve of the as-spun composite fibers (seen in Fig. 3) shows a total weight loss of about 12% in the temperature Fig. 3 TG curve of as-spun composite fibers.
mass (%)
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C. There are three obvious weight losses appearing at 40-160, 160-400 and 400-600 C in the TG curve (in Fig. 3 ). The first stage weight loss of ca. 10% corresponds to the loss of water by dehydration. In the second step, from 200 to 400 C, there is a continuous weight loss of $64% which is connected with the decomposition of nitrates and the degradation of PVP. The PVP matrices degrade slowly until reaching 400 C, 18) which has two degradation mechanisms involving both intra and intermolecular transfer reactions. 26) Above this temperature, the residual PVP matrix loses almost all its mass. Above 600 C, there is no further weight loss, indicating the completely decomposition of the organics. The organic materials (PVP, ethanol), NO 3 À groups of nitrates and the other volatiles (H 2 O, CO x , etc.) could be completely removed below 600 C. The as-prepared nanofibers are randomly distributed to form a fibrous mat. From the SEM images, it can be seen that the fibers are continuous and the diameter of nanofibers ranges from 50 to 150 nm. The individual fiber has high aspect ratio. Further observation from the SEM image (the inset of Fig. 4(a) ) indicates that the surface of the composite nanofibers is smooth and uniform due to high PVP content. Figure 4 (b) demonstrates that In 2 O 3 ceramic nanofibers sintered at 700 C were still randomly distributed to form a dense fibrous structure. After annealing, the nanofibers could still remain long as the continuous structures, while the diameter decreased to 30-100 nm. The size reduction of the nanofibers was probably caused by the loss of PVP from the nanofibers and thermal decomposition of NO 3 À . The macroporous nonwoven resulting from the intrinsic entanglement of nanofibers could be clearly observed.
The typical FESEM images of the pearl-necklace-shaped In 2 O 3 ceramic nanofibers are shown in Fig. 5 . The distributions of the fibers diameters sintered at 700 C for 2 h focused on the range of 30 nm-100 nm (see Fig. 5(a) and (b) ). After sintered at 800 C for 2 h, the necklace-like In 2 O 3 ceramic fibers have the similar morphology, but the shape and size of beads are different from each other (see Fig. 5(c)  and (d) ).
The specific surface area of In 2 O 3 ceramic fibers comes up to 100 m 2 /g, which is greatly advantageous for gas adsorption-desorption, gas molecular diffusion, and providing numerous active sites for surface contact reactions. The large surface area and porous structure make the necklace-shaped In 2 O 3 ceramic nanofibers to be potentially applied in gas sensors with enhanced gas-sensing performance. The nanofibers were sintered at various temperatures for 2 h and then ground into powders to demonstrate the crystallization behavior by XRD. The XRD patterns of the fibers are shown in Fig. 7 . The amorphous characteristic of the composite fibers was evident in the X-ray reflection due to a large amount of organic components (seen in Fig. 7(a) ). At 600 C, the emergence of the broad characteristic diffraction peaks of cubic structure In 2 O 3 revealed that the crystallization had begun but was not sufficient at this temperature as shown in Fig. 7(b) . With the increase of the sintering temperature, all diffraction peaks became much stronger and sharper due to a high degree of crystallization and could be well indexed to cubic structure of In 2 O 3 (JCPDS: 06-0416). The detectable reflections can be assigned to cubic In 2 O 3 and no other diffraction peaks were observed, which indicated that the as-prepared sample was high-purity In 2 O 3 .
Gas sensing properties were measured using a static test system. Saturated target vapor was injected into a test chamber (about 4 L in volume) by a syringe through a rubber plug. After fully mixed with air (relative humidity was about 25%), the sensor was put into the test chamber. When the sensitivity reached a constant value, the sensor was taken out to recover in air. Figure 8 shows the gas-sensing performance of the gas sensor based on In 2 O 3 ceramic fibers sintered at 700 C for 2 h toward ethanol gas with a concentration range from 1 ppm to 30 ppm. Promoted by the large length-to-diameter ratio and the high surface-to-volume ratio of the 1D nanostructure, the ethanol sensing properties of the In 2 O 3 ceramic nanofibers were tested at 220 C, which is the optimum operating temperature. As marked in Fig. 8 , the voltage increases rapidly while ethanol gas is injected into the testing chamber and the signal from the sensor becomes stable within 6 s after it is exposed to ethanol. By contrary, the voltage decreases and recovers to the initial state within 10 s as the target gas is released from the chamber by inputting dry air to replace it. Thus, the response and recovery times are found to be about 6 and 10 s, respectively. The rapid response and recovery of the sensor can be attributed to the large length-to-diameter ratio and the high surface-to-volume ratio of the 1D necklaceshaped nanostructure which can facilitate fast mass transfer of ethanol molecules to and from the interaction region as well as improve the rate for charge carriers to traverse the barriers induced by molecular recognition along the fibers.
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Conclusions
In summary, the continuous In 2 O 3 ceramic nanofibers with diameters around 30$100 nm have been fabricated by electrospinning combined with annealing process for the first time. Notably, In 2 O 3 ceramic nanofibers with the pearlnecklace-shape are built of perfect In 2 O 3 crystals which were tightly attached with each other to construct the nanofibers. This research might be important for the improvement of the morphology construction of different materials by electrospinning process.
